1. Local skeletal muscle blood flow was monitored using the microdialysis ethanol technique and lJ3Xe clearance during intermittent isometric contractions (5s on/lOs off) of the thigh at W? of the maximal voluntary isometric contraction force. 2. A linear increase in blood flow over a 25-fold range was detected using both lJ3Xe clearance and the microdialysis ethanol technique. 
INTRODUCTION
Recent research into the physiology of adipose tissue and skeletal muscle has expanded the application of the microdialysis technique considerably, and microdialysis provides a unique methodology within these areas. However, we have recently shown that, in some instances, the microdialysis technique is highly sensitive to variations in blood flow. For example, microdialysis probe 'recovery' of glucose can increase up to 2.5-fold during increases in blood flow induced by 2-chloroadenosine administration or heating of the limb, as well as decrease by 50% during vasopression administration or circulatory occlusion [l, 21. We believe that this sensitivity is the consequence of a drainage of glucose by the probe, which artificially shifts the balance between the supply and consumption of interstitial glucose. It is therefore often desirable to monitor the blood flow in the area of the microdialysis probe, and in the above-mentioned publications we have shown that this can be accomplished by including a low concentration of ethanol ( 5 mmol/l) in the microdialysis perfusion medium. We also have strong evidence that ethanol introduced locally into the tissue does not affect metabolism in skeletal muscle [2]. The purpose of this investigation was to demonstrate that changes in nutritive blood flow in human skeletal muscle can be monitored using the microdialysis ethanol technique. In order to accomplish this, a comparison of the ethanol technique was made with an established measure of nutritive blood flow in human skeletal muscle, i.e. 133Xe clearance [3-51. 133Xe clearance allows determination of blood flow in the area around the microdialysis probe membrane, thereby minimizing differences in the two methods which could be caused by the previously reported regional variation in skeletal muscle blood flow [6, 71. The effects of blood flow on the microdialysis 'recovery' of glucose were also further investigated.
Changes in blood flow were brought about through intermittent isometric contractions of the knee extensor muscle group. It is currently believed that skeletal muscle blood flow in the leg may be occluded at forces as low as 20-30% of the maximal voluntary isometric contraction force (MCV; for references, see Shepherd et al. [8] and Gaffney et al.
[S]). However, it is not currently known if a linear relationship exists between mean blood flow and contraction force during intermittent isometric contractions, when the muscle blood flow is occluded for only brief periods of time. This was investigated in the present study with measurements of local blood flow using 133Xe or microdialysis ethanol ' indicates the time interval over which "'Xe clearance was used to determine blood flow. "IXe was injected directly into the muscle before microdialysis probe insertion. All subsequent infusions of 'IIXe were made through previously inserted polyethylene infusion tubing which was withdrawn from the leg immediately after infusion of "'Xe.
clearance during intermittent isometric contractions ( 5 s of contraction/lOs of relaxation) of the quadriceps femoris muscle group.
METHODS

Subjecb
Six healthy male physical education students (age 21-30 years) participated in this study after giving their informed consent according to the Declaration of Helsinki. Subjects had been performing some form of aerobic training more than 4 days/week, 30min/day, for the past 3 months, as determined by a questionnaire. This investigation was approved by the local ethical committee of the Karolinska Institute and the isotope committee of the Karolinska Hospital.
Subject preparation and protocol
Subjects reported to the laboratory at 09.00 hours after eating a breakfast of their choosing. The subject was seated on a commercially available isokinetic/ isometric dynamometer (Kin Kom; Chattecx Corporation, Chattanooga, TN, U.S.A.) and held to the chair, with the knee angle adjusted to 90°, by restraining straps placed around the waist and shoulders. Subjects remained seated on the Kin Kom throughout the experiment. Subjects were first tested for the maximal voluntary isometric strength of the knee extensors of each leg as described below. The subject's thigh was then measured for the site of ' 33Xe injection and probe membrane placement in the vastus lateralis of the quadriceps femoris muscle group, with the site chosen to be one-third of the distance from the top of the patella to the anterior superior iliac spine. Thirty minutes after the test for maximal voluntary isometric strength and before microdialysis probe insertion, consecutive 30 min resting muscle blood flow determinations were made in the right and left thighs using I3jXe clearance. Microdialysis probes and infusion tubes for 13'Xe were subsequently inserted bilaterally in the vastus lateralis of the quadriceps femoris muscle group. Resting skeletal muscle blood flow was again measured in each leg l h after probe insertion using 133Xe ( '33Xe injected via an infusion tube situated beside the probe; see below) with a perfusion flow of 10pl/min, no flow, and again of 10pl/min through the microdialysis probe. Resting skeletal muscle blood flow was then monitored using the microdialysis ethanol technique at both 10 (n=4) and 6 (n=6)pl/min perfusion flow rate during the 30min after these 33Xe clearance measurements. Intermittent isometric contractions of the thigh (see below) were then performed according to the protocol shown in Fig. 1 . Skeletal muscle blood flow was monitored at each exercise stage using '33Xe clearance and the microdialysis ethanol technique at both 6 (n=6) and 10 (n=4)pl/min perfusion flow rate. For the '33Xe clearance measurements, either the 133Xe depot from the previous measurement was utilized or an additional loop1 of '33Xe was injected via an infusion tube. This is indicated in Fig. 1 . Each infusion tube was withdrawn from the thigh after infusion of 133Xe through the designated tube (one at rest and one during exercise in each leg).
The fact that the '33Xe clearance and microdialysis measurements of blood flow did not occur concomitantly does not invalidate the comparison of the two techniques. Mean blood flow was determined over more than 5min (and over similar lengths of time) using both techniques, and mean blood flow has been shown to be constant after the second minute of exercise during this contraction protocol [lo, 111. This also means that the total duration of each exercise intensity did not influence the results.
Procedures
Exercise protocol. After a brief warm-up and familiarization session, the MVC was determined 30 min before the initiation of any resting blood flow measurements by encouraging the subject to kick with maximal force for 3s. The maximal contraction test was attempted three times with each leg at 90", with the highest value recorded for each leg taken as the MVC for that leg (100% MVC = 908 & 42 N, n = 12). Exercise bouts consisted of 10-30 min of intermittent isometric contractions ( 5 s of contraction/lOs of rest) of the thigh at 10-60% of the MVC according to the schedule shown in Fig. 1 and Table 1. The force delivered by the leg attempting extension was registered on a computer monitor from which the subject could visualize their force production, adjusting effort to the desired percentage of maximum as required. Visual inspection of the monitor by the investigator during exercise bouts ensured that the desired exercise intensity was performed.
'"Xe clearance. The '33Xe clearance method was performed with slight modification of the procedure described by Lassen et al. [5] . In the present investigation, when microdialysis probes were in place, '33Xe was infused through small-diameter tubing (the above-mentioned infusion tubes) which had been threaded through the microdialysis probe guide upon insertion of the microdialysis probe; therefore, no additional discomfort or needle sticks were required for the repeated use of the ' "Xe clearance technique. More importantly, this allowed the IJ3Xe to be infused beside the probe membrane, thus measuring local skeletal muscle blood flow at the site of the probe. For the first '33Xe clearance measurement (before probe insertion), 35 pCi (1.3MBq) of '33Xe dissolved in loop1 of saline (154mmol/l NaCl) was injected over 30s directly into the vastus lateralis of the quadriceps femoris muscle of both legs. The injection was made 1.5cm below the surface of the skin at a site determined as one-third the distance from the top of the patella to the anterior superior iliac spine. All other blood flow determinations were performed after infusion of the ' 33Xe through the above-mentioned infusion tubing. After injection or infusion, the clearance of '33Xe was continuously monitored for 10-30min via a sodium iodide crystal (Canberra, Uppsala, Sweden) which was coupled to a pulse-height analyser and placed perpendicularly to the skin, in line with the site of injection. The distance of the detection crystal from the thigh varied from 5 to 6cm, as it was not possible to strictly maintain a static distance from the thigh during contraction of the quadriceps muscles. The detecting crystal was collimated with an opening 5cm in diameter. The signal was sent via an integrator (time constant of 1s; Canberra, Uppsala, Sweden) to a Macintosh SI computer, with an initial counting rate of approximately 80 O00 c.p.m. After subtraction of background counts (approximately 300 c.p.m.), data gathered were averaged over 15s periods and plotted on a semi-logarithmic scale. Blood flow, expressed as ml min-' 100g-' tissue, was determined from the fast monoexponential portion of the decay curve according to the equation:
where I is the tissue to blood partition coefficient for '33Xe (0.7ml/g; [12] ). The first-order rate constant (k) for the washout curve was cdculated as:
where a and b are c.p.m. at two time points and T is time in min between the two time points. The first 3 min after injection of '33Xe were not used in this calculation, as the clearance curves were often not monoexponential in this time period. A lead shield was placed between the subjects' thighs to eliminate detection of 33Xe remaining in the contralateral leg.
Skeletal muscle blood flow is expressed in units of ml min-' 100g-' tissue for ease of coniparison with previous publications. However, these absolute values must be taken with caution in the light of statements in the Discussion on the deviation of the 133Xe method from the microsphere technique and drop counting.
Microdialysis The microdialysis probe (CMA Medical, Stockholm, Sweden) was constructed in the form of two concentric cylinders, an outer and an inner cylinder. The outer cylinder was constructed of a cylindrical polyamide dialysis membrane (length 30mm; outer diameter 0.85 mm; permeable to substances with a molecular mass less than 5000-20000) and outer probe tubing (length 40mm; inner diameter 0.625 mm, outer diameter 0.85 mm). One end of the probe membrane was glued to the distal end of the outer probe tubing, while the other end of the probe membrane was sealed. The inner cylinder was constructed of inner probe tubing (length 70 mm; inner diameter 0.125 mm, outer diameter 0.4 mm) which extended distally inside the outer probe tubing and the dialysis membrane (e.g. outer cylinder).
Two pieces of tubing were connected to the proximal end of the probe, an inlet tube (length 150mm; inner diameter 0.15mm) and an outlet tube (length 21 5 mm; inner diameter 0.15 mm). The perfusate was propelled by a CMA/100 microinfusion pump (CMA Medical, Stockholm, Sweden) from a 5ml syringe to the probe via the inlet tubing, 'and flowed into the space between the concentric cylinders to the distal end of the probe. The exchange of molecules between the interstitial fluid and the perfusate occurred across the semipermeable dialysis membrane by passive diffusion as the perfusion medium passed by the probe membrane. The medium then entered the inner cylinder (inner tubing), flowing in a retrograde direction toward the outlet tubing, at the end of which samples were collected. The probes were sterilized with ethylene oxide.
The standard perfusion medium was a modified sterile Krebs-Henseleit buffer (KHB; Apoteksbolaget, Stockholm, Sweden [2]) containing 4.6f0.1 mmol/l ethanol. Before usage of the probes, two 5ml syringes were filled with KHB plus ethanol and mounted in perfusion pumps. Microdialysis probes were then connected to the syringes and perfused with 40p1 of the KHB plus ethanol at a high flow. rate (20pl/min) in order to minimize the risk of adherence of air bubbles to the probe membrane. For the experiments, microdialysis perfusion flow rates (6 and lOpI/min) were chosen which were expected to result in detectable dialysate ethanol concentrations during increases in blood flow.
Microdialysis probes were inserted bilaterally into the vastus lateralis of the quadriceps femoris muscle group in the subsequently described manner. After administration of local anaesthesia (1 ml of carbocaine, 20 mg/ml; Astra Lakemedel, Sodertalje, Sweden) above the muscle fascia, an injection needle (18-gauge), which was surrounded by a plastic guide, was inserted proximally into the thigh at an angle 45" to the femur, i.e. parallel to the muscle fibre direction. The needle was then withdrawn, while the plastic guide was left in the thigh. Two polyethylene tubes (133Xe infusion tubes used for infusion of ' 33Xe beside the microdialysis probe, 0.2 mm outer diameter), as well as the microdialysis probe (perfused now at 6 or lOpl/min) were placed through the guide into the muscle. The guide was spliced out of the thigh leaving the two '"Xe infusion tubes and the probe in place (probe membrane approximately 1.5cm below the surface of the skin). The 133Xe infusion tubes and the probe were then taped to the thigh. The microdialysis probes were left in place for the duration of the experiment, while each infusion tube was withdrawn from the muscle immediately after infusion of 'j3Xe through the designated tube.
Microdialysis samples were collected from the outlet tube of the microdialysis probe in capped 3 0 0~1 polyethylene vials. A dead volume from the probe membrane to the outlet of the probe of approximately 5p1 was taken into account when determining times for sample collection. Microdialysis samples were collected every 10 min during the 'equilibration' period, and every 3 min thereafter. Samples 2-4 after any change in microdialysis perfusion flow rate or exercise intensity were used in calculations of mean dialysate concentrations for that period. Microdialysis samples were stored at + 4°C for subsequent analysis of ethanol (within We have found that expansion of the interstitial space with infusion of 133Xe also affected microdialysis samples. Dialysate ethanol concentration was significantly reduced after infusion of 0.1 ml of 33Xe into resting muscle, returning to pre-infusion levels within 25min. We have therefore used only those microdialysis samples which were collected before, or at least 25min after '33Xe infusion.
Dialysate glucose concentration increased to approximately 40% above pre-infusion levels at 10min after infusion, and remained at this level for at least 1 h under resting conditions. This may have increased the scatter of the glucose results; however, the results for dialysate glucose concentration are included in order to demonstrate the effect of blood flow on dialysate glucose concentration. Correlations between blood flow and dialysate glucose concentration may therefore be even higher than those presented.
Blood sampling. Blood sampIes were obtained from a catheter placed in the antecubital vein of the non-dominant arm. Baseline blood samples were obtained every 10min in the 30min before the initiation of exercise, and two blood samples were obtained at 5 and 20min into each exercise intensity. Two millilitres of each blood sample was transferred into a test tube containing 2ml of 3 mol/l perchloric acid. Perchloric acid extracts were subjected to centrifugation (3000 rev./min) for two 10min periods. A portion of the supernatant (50~1) was then pipetted into a 3 0 0~1 vial and stored at + 4°C for subsequent enzymic fluorimetric analysis of glucose and lactate [13] .
Statistics
Correlations were determined by the method of least squares. Glucose and lactate data were analysed with analysis of variance to determine significant changes in these parameters over time. The analysis of variance was also performed on 'j3Xe clearance data as needed. Where required, further analyses were performed using the Newman-Keul post hoc test. Results are presented as means fSEM, or median and range. Significance levels were set at P<0.05.
The coefficient of variation of a single value (from bilateral determinations of leg blood flow or outflow/inflow ratio) was calculated from the formula:
Coefficient of variation of a single value =&y where d is the difference between right and left leg determinations, n is the number of paired determinations (n=6) and 2 is the mean value for all observations.
RESULTS
Effect of microdialysis probe insertion and perfusion flow rate on blood flow determinations by '"Xe clearance
Local resting blood flow was determined by '33Xe clearance before and after probe insertion.
The blood flow in resting skeletal muscle was greater, in seven out of 12 cases (Table l) , after probe insertion (1.53+0.26mlmin-' 100g-') than before probe insertion (1.09_+0.16mlmin-' 100g-'), but the difference was not statistically significant. Resting blood flow was therefore not significantly affected by microdialysis probe insertion.
Blood flow measurements obtained with 133Xe clearance were also not affected by the flow of perfusate through the microdialysis probe. The blood flow was 1.58k0.29mlmin-' 100g-' when resting blood flow was determined 1 h after probe insertion following a single injection of I3'Xe through the infusion tube with a perfusion flow through the microdialysis probe of 6 or 10pl/min. A blood flow of 1.53f0.26mlmin-' 100g-' was determined immediately after the previous measurement using the same injection bolus with no perfusion flow through the microdialysis probe. The microdialysis flow was then immediately switched back on at 6 or 10pl/min, with a blood flow of 1.57 f 0.37 ml min-' 100 g-' being registered from the same decay curve (not significant; n = 12).
Ethanol outflow/inflow ratio and dialysate glucose and lactate concentrations in the first 60min after microdialysis probe insertion
The ethanol outflow/inflow ratios for the 60min immediately after probe insertion into the vastus lateralis of the quadriceps muscle are presented in Fig. 2 . A slightly lower outflow/inflow ratio was found in the 20min after probe insertion compared with subsequent time periods (not significant). Dialysate lactate concentration decreased significantly (P <0.05), and dialysate glucose concentration tended to decrease (not significant), throughout the first 20 min after probe insertion, whereas stable values were recorded during the subsequent 40min (Fig. 3) . These findings are similar to those reported by Hickner et al. [2] , and are in agreement with mathematical models of microdialysis by Amberg and Lindefors et al. [16] and Menacherry et al. [ 171. These findings describe diffusion conditions immediately after microdialysis probe insertion, and are likely to reflect an equilibration of ethanol, glucose and lactate between the interstitial fluid and the microdialysis perfusion solution. Dialysate ethanol, glucose and lactate concentrations were stable throughout each exercise intensity, as determined by microdialysis samples 2-4 of each exercise stage.
Dialysate glucose concentration
Basal dialysate glucose concentration was 0.62 f 0.06mmol/l and 0.40+0.04mmol/l at 6 (n = 12) and 10 (n = 8) pl/min, respectively. Dialysate glucose concentration increased with all increases in contraction force, reaching the highest level at 5 0 4 0 % 
Dialysate lactate concentration
Basal dialysate lactate concentration was 0.47 f 0.04 mmol/l and 0.42 & 0.09 mmol/l at 6 (n = 12) and 10 (n = 8) pl/min, respectively. Dialysate lactate concentration increased with all increases in contraction force, reaching the highest level at 5&60% MVC of 1.92 f 0.36 mmol/l (n = 6) at 6 pl/min. Dialysate lactate concentration was therefore often correlated with blood flow, as measured by '33Xe clearance significantly only at exercise levels above 30% MVC. Blood lactate concentrations when the first leg exercised were: l.OfO.13, l.lOfO.24, 1.01 f0.26, 1.03f0.12 and 1.79f0.32mmol/l at rest, 10, 20, 30 and 60% MVC, respectively. Blood lactate concentrations when the second leg exercised were: 1.17-lO.19, 1.53 and 1.83f0.42mol/l at 30, 40 and 50% MVC, respectively.
Blood flow determinations by '"Xe clearance and the ethanol technique
A linear increase in blood flow was detected with increasing MVC. This was noted with both the ethanol technique (Fig. 4) and the '33Xe clearance method (Fig. 5) . The median correlation coefficient between the ethanol outflow/inflow ratio and % MVC was r = -0.98 (-0.94 to -0.99; P<O.Ol, n = 6) and r = -0.97 (-0.90 to -0.99; P<0.05, n=4) at 6 and lOpl/min, respectively (Fig. 4) , whereas the median correlation coefficient between 133Xe clearance and % MVC was r=0.97 (0.92-0.98; P <0.01, n=6; Fig. 5 ). The ethanol outflow/ inflow ratio was found to be inversely correlated pectively. The ethanol outflow/inflow ratios progressively decreased with increasing work load. As presented in Figs. 4 and 6 , results of the four experiments in which probes were perfused at both 6 and 10 pl/min yielded similar correlations between ethanol outflow/inflow ratio and both % MVC and blood flow determined using "'Xe clearance. The similarity between the results obtained using the ethanol technique at 6.0 and 10pl/min is reflected in the slopes of the respective regression lines ( -1.3f0.1 x lo-' versus -1. 3f0.1 x lo-', Fig. 4 , n = 4 and -5 . 7 3 f 0 . 4~ versus -5.80f0.5 x lo-', Fig. 6, n=4) . All values at 10pl/min were expectedly higher than the respective values at 6 pl/ min due to the shorter time available for diffusion of ethanol through the probe membrane at 10pl/min.
Blood flow in the resting contralateral quadriceps fernoris muscle
During exercise, blood flow, as monitored with the ethanol technique, did not change significantly from basal in the resting contralateral quadriceps femoris muscle which had not previously performed exercise. While the contralateral leg exerted contractions at 30 and 60% MVC, median ethanol outflow/ inflow ratios at 6 pl/min microdialysis perfusion flow rate were 99.2% (90.5-101.0%) and 99.5% (72.1-102.1%) of basal, respectively ( n = 6 at 30%, not significant; n = 5 at 60%, not significant). Corresponding values at 10 pl/min microdialysis perfusion flow rate were 99.2% (92.7-105.0%, n=4) and 97.5% of basal (94.2-101.0%, n = 3 ) . A decrease in the ethanol outflow/inflow ratio, indicating an increase in blood flow, was recorded in some subjects; however, this was probably due to inadvertent muscular contractions. These results seem to agree with those of Lind et al. [18] , who described an increase in resting contralateral forearm blood flow during isometric hand-grip contractions only when muscular activity occurred in that limb. I3'Xe clearance was not used in the contralateral leg, nor were electromyographic recordings made to detect inadvertent muscular contractions.
Variation in blood flow determinations
Values for ethanol outflow/inflow ratio and blood flow determined using "'Xe clearance were obtained under resting conditions and during exercise at 30% MVC in right and left legs of the same individual. Based on these duplicate determinations, the coefficient of variation of a single value was calculated as given above and found to be 39.5% at rest and 24.4% at 30% MVC (n=6) for I3'Xe clearance. The variation for the ethanol outflow/ inflow ratio was found to be 3.5% at rest and 5.2% at 30% MVC at 6pl/min (n=6) and 7.7% both at rest and at 30% MVC at 10pl/min microdialysis perfusion flow rate (n=4).
DISCUSSION
In this study, the microdialysis ethanol technique has been compared with the I3'Xe clearance method of determining blood flow. Local blood flow in the thigh, as determined by '33Xe clearance, was found in each subject to increase linearly during intermittent isometric contractions in the range of 040% MVC. Values for the ethanol outflow/inflow ratio, a marker of changes in local blood flow, were inversely correlated (median r values of -0.92 to -0.93) with the values for blood flow obtained with ' 33Xe clearance, and were equally well correlated to the increase in % MVC as those obtained with '33Xe clearance.
The lJ3Xe clearance method was used, since inert gas clearance methods are currently the only welldocumented methods of determining muscle blood flow in humans in a volume of tissue (less than 1 cm3) similar to that studied using the microdialysis ethanol technique. However, criticism has been levied against the '33Xe clearance technique [19, 203 . The frequent deviation of the 'j3Xe clearance technique from the microsphere technique and the directly measured blood flow by drop counting has been thoroughly documented [ 19, 211 . However, as was done in the present study, this deviation can be minimized by using the fast monoexponential portion of the decay curve in calculation of blood flow [22, 231 or by using the 'second slope method', as developed by Tonnesen and Sejrsen [l5] , to allow time for injection trauma to subside. It is also apparent from the study by Bonde-Petersen et al. [24] that the 'j3Xe clearance technique cannot be used in humans to measure very high blood flows. In the light of these findings, the following additional precautions were taken in the present study to minimize error in the '33Xe clearance technique: (1) injection trauma was reduced by holding the number of xenon depositions to a minimum and by slow infusion of the xenon, and (2) an exercise protocol was adopted which would yield relatively low, stable mean blood flows [lo] .
In order to allow comparison with previous publications, '33Xe data have been expressed in blood flow units of ml min-' 100 g-' tissue. These quantitative values should, however, be accepted with caution considering the statements above. It can therefore be said that in the present study the ethanol technique has been 'calibrated' in relative, rather than absolute, terms against the 133Xe technique. It is conceivable that absolute calibration can be performed, e.g. in an animal model with the drop-counting method. The results would then be valid for the conditions, i.e. microdialysis perfusion flow rate, membrane size, tissue type and blood flow range, used during the calibration.
The coefficients of variation of a single value (based on bilateral determinations of blood flow) for 13'Xe clearance was 39.5% at rest and 24.4% during exercise in this study. Grimby et al. [25] found an error of up to 30% in the '33Xe clearance method when studying paired injections in the right and left leg of individuals at rest and at various degrees of dynamic exercise, whereas Lassen et al. [S] reported an error of 13-20% with duplicate determinations of maximal skeletal muscle blood flow ('33Xe) in the same leg with an interval of a few days. Data presented by Novotny et al. [20] and Homer and Weathersby [26] indicate that this error is inherent in the '33Xe clearance method. The coefficient of variation of a single value for the ethanol outflow/ inflow ratio was found to be 3.5% at rest and 5.2% during exercise when microdialysis probes were perfused at 6 pl/min. These values are lower than those obtained using the '33Xe technique; however, this direct comparison should not be made, since the scales for the outflow/inflow ratio and 133Xe blood flow are different. The ethanol technique has been calibrated here in relative terms. A calibration of the ethanol technique must be made in absolute terms (ml min-100 g-' with a truly quantitative method) before the variation in ethanol outflow/inflow ratio can be translated into variation in terms of blood flow expressed as mlmin-' 100g-'. It is therefore not possible for the present data to separate the variation due to heterogeneity of blood flow and that which is inherent in the microdialysis ethanol technique.
It is possible that higher blood flows could be monitored at 10 pl/min than at 6 pl/min microdialysis perfusion flow rate, as it takes higher blood flows for the ethanol outflow/inflow ratio to reach low values at 10pl/min than at 6pl/min (Fig. 6) . However, the advantage of this higher outflow/ inflow ratio must be weighed against a lower percentage decrease in outflow/inflow ratio for a given increase in blood flow at 10pl/min than at 6 pl/min. These factors, as well as the expected dialysate ethanol concentration and the sensitivity of the ethanol assay, must be considered when choosing the ethanol concentration and flow rate of the microdialysis perfusion medium. Further studies are needed to investigate the extent to which the microdialysis ethanol technique will in fact permit detection of muscle blood flows in the high physiological range.
The finding of a linear increase in blood flow during intermittent isometric contractions between 0 and 60% MVC is quite similar to that reported by
Lind and Williams [lo] and Williams et al.
[ 113 in studies of forearm blood flow using plethysmography. These studies used 1-6s of contraction interspersed with 2-12s of rest. However, the response to static exercise has been found to be muscle specific, the result of a variable pressor response to isometric contractions in the different muscle groups [27] , differences in intramuscular pressure, muscle architecture [28] and muscle fibre type [29] . More muscle-specific support for the present findings is not available, but in a study by Walliie and Wesche [30] in which intermittent contractions (2s of contraction and 2s of relaxation) of the quadriceps muscle were studied using Doppler ultrasound, a non-linear increase in the time averaged mean velocity of blood flow was found with increasing % MVC (0-75% MVC). It has been shown that muscle blood flow is occluded during prolonged static contractions greater than 15-25X MVC in the calf, elbow flexors/extensors and quadriceps [9, 28, 311; therefore, the mean blood flow measured during the intermittent contractions represents the mean of a 5 s contraction phase, with a reduced or arrested blood flow, and a 10s hyperaemic relaxation phase.
Since microdialysis was the tool used for blood flow monitoring by the ethanol technique, it was important to determine whether probe insertion caused a change in local blood flow. Probe insertion has been found by Benveniste et al. [32] to significantly decrease resting blood flow in rat brain tissue for up to 3h, although blood flow was unchanged 2 h after insertion of a probe which was vertical in design. In the present study, the change in resting skeletal muscle blood flow measured by 133Xe clearance 1 hour after probe insertion was highly variable and not statistically significant, but in seven out of 12 instances an increase was noted (median increase of 39%, Table 1 ). Due to the large variation in the '33Xe clearance technique when used in resting muscle, results are inconclusive with regard to the effect of probe insertion on local blood flow in resting muscle. However, due to the very large physiological blood flow range of skeletal muscle, it is unlikely that a difference of this magnitude, if correct, would influence blood flow measurements in contracting skeletal muscle.
The finding that changes in blood flow [l, 23 affect dialysate glucose concentration has been verified in this study with direct blood flow measurements. This change in dialysate glucose concentration during changes in blood flow is no indication of a physiological event in the tissue. The microdialysis procedure itself often results, due to drainage of glucose from the tissue, in an artificially low concentration of glucose in the interstitial space around the probe membrane. An increase in blood flow counteracts this effect by increasing the supply of glucose to the area around the probe membrane, thereby increasing dialysate glucose concentration. However, correlations between dialysate glucose concentration and blood flow as measured with 133Xe clearance were not always significant, with median correlation coefficients of r = 0.70 (0.514.95) and 0.88 (0.80-4.95) at 6 and 10pl/min, respectively. These correlation coefficients are lower than those determined from comparison of ethanol outflow/ inflow ratio and 133Xe clearance ( r = -0.92, -0.89 to -0.94 and r = -0.93, -0.90 to -0.96 at 6 and 10 pl/min, respectively). Clearly, blood flow is not the only factor affecting the dialysate glucose concentration, since there are also changes in metabolism and transport of glucose during the different exercise intensities. These parameters have no effect on ethanol, as ethanol is not metabolized in muscle tissue.
It may be concluded that the microdialysis ethanol technique allows valid and reliable measurement of changes in local blood flow in the 25-fold flow range studied. Results using both the microdialysis ethanol technique and 133Xe clearance demonstrated a linear increase in thigh skeletal muscle blood flow during intermittent isometric contractions in the range of &60% MVC. The present data indicate that microdialysis may provide a unique approach for the investigation of local regulators of skeletal muscle blood flow.
